Progesterone (P) and prolactin (PRL) fulfill crucial roles during growth and differentiation of the mammary epithelium, and each has been implicated in the pathogenesis of mammary cancer. We previously identified that these hormones synergistically stimulate the proliferation of mouse mammary epithelial cells in vivo, although the mechanism(s) underlying their cooperative effect are unknown. We now report a novel pathway by which P and PRL synergize to activate transcription from the long terminal repeat (LTR) of the mouse mammary tumor virus-LTR (MMTV-LTR) in T47D breast cancer cells. Using serial 5 0 and 3 0 deletions of the MMTV-LTR, in addition to selective mutations, we identified that a previously uncharacterized inverted palindrome on the distal enhancer (K941/K930), in addition to a signal transducer and activator of transcription 5 site, was essential for the synergistic activation of transcription by P and PRL. Notably, hormone synergy occurred via a mechanism that was independent of the P receptor DNA-binding elements found in the proximal MMTV-LTR hormone-response element. The palindrome specifically recruited a protein complex (herein termed mammary gland-specific complex) that was almost exclusive to normal and cancerous mammary cells. The synergy between P and PRL occurred via a Janus kinase 2 and c-Src/Fyn-dependent signaling cascade downstream of P and PRL receptors. Combined, our data outline a novel pathway in T47D cells that may facilitate the action(s) of P and PRL during mammary development and breast cancer.
Introduction
Numerous hormones and growth factors modulate growth and development of the mammary gland and its cancer (Hovey et al. 2002) . Of these, progesterone (P) and prolactin (PRL) are key players. Both hormones are required for normal alveolar development in the mouse mammary gland (Ormandy et al. 1997a , Brisken et al. 1998 . PRL is involved in the initiation and/or progression of breast cancer (Muhlbock & Boot 1959 , Boot et al. 1962 , Oakes et al. 2007 , while loss of P receptor (PR) is associated with a protective effect against mammary carcinogenesis (Lydon et al. 1999) . In addition to these individual effects, it is well known that normal and neoplastic mammary epithelial cells respond to hormones in combination differently than to each alone, as exemplified by the recognized and pronounced effects of estrogen (E) plus P (Haslam et al. 2002) .
Any cooperation between PRL and P during development of the mammary gland (Nagasawa et al. 1985 , Imagawa et al. 1990 ) and its cancer (Leung et al. 1981 , Nagasawa et al. 1986 ) has been subjected to only limited investigation. Our finding that P and PRL synergize to stimulate mammary epithelial proliferation in vivo (Hovey et al. 2001) affirmed the potential for crosstalk between these two hormones, as has been shown for P and epidermal growth factor (Lange 2004) . Consistent with such a proposal, PRL receptor (PRLR) gene expression correlates with PR and E receptor gene expression in breast cancer cells, and PRL increases the level of mRNA for PR and its subsequent binding of ligand (Ormandy et al. 1997b) . These data also align with our demonstration that PR and PRLR co-localize to a subpopulation of epithelial cells in the normal mouse mammary gland (Hovey et al. 2001) . Furthermore, P and PRL synergize to increase receptor activator of nuclear factor (NF)k-B ligand expression in the mammary epithelium of PRL-deficient mice (Srivastava et al. 2003) . Along similar lines, Chilton et al. identified that transcription of the uteroglobin gene in the rabbit uterus is synergistically induced by PCPRL through a novel Janus kinase (Jak)-and RUSHdependent and signal transducer and activator of transcription 5 (STAT5)-independent mechanism (Daniel et al. 1984 , Hewetson et al. 2002 , Hewetson & Chilton 2003 .
Mouse mammary tumor virus (MMTV) is a milkborne retrovirus that, upon integration of its long terminal repeat (LTR), promotes the aberrant transcription of adjacent oncogenes (Gunzburg & Salmons 1992 , van Leeuwen & Nusse 1995 to stimulate mammary hyperplasia and preneoplasia (Medina 1973) . A unique aspect of the MMTV-LTR is its pronounced transcriptional activation in mammary epithelial cells compared with other tissues (Henrard & Ross 1988) . The proximal region of the MMTV-LTR includes a well-characterized hormoneresponse element (HRE) that is able to bind multiple activated steroid hormone receptors (von der Ahe et al. 1985 , Ponta et al. 1985 , Cato et al. 1987 , Ham et al. 1988 , Gowland & Buetti 1989 . Separately, the 5 0 distal enhancer includes two transcriptional moieties, the Ban2 enhancer (K1075/K978) and the mammary-specific enhancer of MMTV (MEM) element (K956/K862) (Grimm & Nordeen 1998) , that bind a number of relatively uncharacterized cis-acting transcription factors. Several of these including mammary activating factor (MAF)/F2 (Mink et al. 1992) , mp4 (Lefebvre et al. 1991) and STAT5 (Haraguchi et al. 1997) are also PRL inducible. These factors, and possibly others, confer mammaryspecific transcription from regions spanning both K1166/K987 (Mok et al. 1992) and K956/K862 (Grimm & Nordeen 1998) of the MMTV-LTR. Given that the distal enhancer of the MMTV-LTR coordinates a synergistic transcriptional response to PCPRL and dexamethasone (DEX) plus PRL in T47D cells (Haraguchi et al. 1992 (Haraguchi et al. , 1993 , it constitutes an excellent model for resolving the mechanism(s) of hormone synergy in the normal mammary gland and breast cancer.
Within this report, we describe a mechanism by which P and PRL synergistically modulate transcription from the MMTV-LTR in T47D breast cancer cells. This effect requires a novel inverted palindrome that is activated via the non-genomic action of PR, a STAT5 consensus site that operates independently of STAT5a and STAT5b, and signaling via Jak2 and c-Src/Fyn. This site also recruits an uncharacterized mammary-specific transcription factor complex, herein termed mammary gland-specific complex (MGSC).
Materials and methods

Cell culture
The T47D human mammary carcinoma cell line was cultured in growth medium (GM) comprising RPMI 1640 supplemented with 5% fetal bovine serum (FBS), 100 U penicillin/100 mg streptomycin (P/S) per ml, 1 mg/ml insulin, 2 mg/ml sodium bicarbonate, and 2 . 42 mg/ml HEPES. Cells for nuclear extracts were grown in standard conditions for each line (Horoszewicz et al. 1980 , Westley & Rochefort 1980 , Travers et al. 1982 , Danielson et al. 1984 , Horwitz & Freidenberg 1985 , Ball et al. 1988 , Soule et al. 1990 , Williams et al. 1990 , Liao & Jaken 1993 , Hua et al. 1995 , Dittrich et al. 1996 , Trott et al. 2003 , Hassan et al. 2008 , which included supplementation with FBS (from 2 to 10%) and P/S. The exceptions were nuclear extracts from HeLa, HepG2 and U-937 cells that were purchased from Active Motif (Carlsbad, CA, USA). The origin of each cell line used for nuclear extraction is stated in Table 1 .
Plasmids
All promoter fragments were amplified by PCR from the MMTV-LTR (pMAM-neo; Amersham Bioscience) using Precision Plus polymerase (Stratagene, La Jolla, CA, USA) and were gel purified (Wizard SV Gel Clean-Up System, Promega) before sub-cloning into pCR2.1-TOPO (Invitrogen). Site-directed mutagenesis was performed using QuikChange Site-Directed Mutagenesis (Stratagene). After 24 h, culture medium was changed to hormonedeficient medium (5% charcoal-stripped serum, 1 mg/ml insulin, P/S, 2 mg/ml sodium bicarbonate, and 2 . 42 mg/ml HEPES), then 48 h later, the culture medium was changed to hormone-free medium (hormone-deficient medium without insulin). Cells were treated with ethanol vehicle, ovine PRL (500 ng/ml), P (1 mM), DEX (1 mM) or PCPRL. For signaling experiments, cells were also treated with dimethylsulfoxide (DMSO) vehicle, wortmannin (100 nM; Sigma) or LY294 002 (25 mM; Cell Signaling Technology, Beverly, MA, USA). All treatments included an equal concentration of ethanol and DMSO. After 40 h, cells were lysed for the measurement of b-galactosidase and luciferase activity (Bright-Glo Luciferase Assay System, Promega) using a Synergy HT plate reader (BioTek, Winooski, VT, USA). Luciferase values were corrected for transfection efficiency as determined by b-galactosidase activity in a colorimetric assay (Promega). We found that the dominant-negative MEK1/2, c-Src, Fyn, STAT5a, and STAT5b plasmids suppressed b-galactosidase expression; therefore, values for these experiments are reported as uncorrected luciferase activity.
Nuclear extracts and electrophoretic mobility shift assay (EMSA)
Crude nuclear proteins were extracted on ice from cell lines grown to confluence according to the methods of Jones et al. (2000) . Protein concentration was determined using Bradford's (1976) method. Extracts were flashfrozen in liquid nitrogen and stored at K80 8C.
Complementary oligonucleotides (Table 2) were heated to 95 8C for 5 min and annealed by cooling to room temperature. Oligonucleotides were end-labeled using Moloney's murine leukemia virus (MMLV) reverse transcriptase to fill in GGG overhangs with (a-32 P)dCTP (10 mCi/ml; 6000 Ci/mmol; MP Biomedicals, Irvine, CA, USA) and purified using a DNA G-50 spin column (Roche). Nuclear extracts (10 mg) were incubated with 200 000 c.p.m. of labeled probe in 5! Gel Shift Binding Buffer (Promega) on ice for 30 min. Competition assays included a 100-fold excess of unlabeled competitor DNA that was added 15 min prior to the addition of labeled probe. Protein-DNA interactions were resolved on a 5% polyacrylamide-TBE gel. Gels were dried and exposed to a phosphorimaging screen that was imaged on a Storm Phosphorimager (Molecular Dynamics, Sunnyvale, CA, USA).
Statistical analysis
Data were analyzed using Statistical Analysis Software (SAS Institute Inc., Cary, NC, USA). The main effects of individual hormones and their interactions were tested for statistical significance using the general linear model procedure. Where indicated, basal transcription levels were compared across different constructs using the ANOVA procedure. Levels of statistical significance are indicated within the results and figure legends. Haraguchi et al. 1992 Haraguchi et al. , 1997 . Previous work by Haraguchi et al. (1992 Haraguchi et al. ( , 1993 Haraguchi et al. ( , 1997 established that a 5 0 distal enhancer region of the MMTV-LTR coordinates the synergistic response to PCPRL by T47D cells. To resolve the element(s) responsible for this response, we generated 5 0 deletions between positions K1080 and K909, and tested the transcriptional response to each hormone alone or in combination (Fig. 2) . All constructs demonstrated a significant (P!0 . 05) transcriptional response to P that is generally ascribed to the recruitment of liganded PR to the proximal (K202/K50) promoter (Ponta et al. 1985 , Ham et al. 1988 . While PRL alone only had a minor effect on transcription, the combination of PC PRL elicited a positive synergistic response from the three longest promoter fragments (Figs 1 and 2; P!0 . 1), which was ablated upon a deletion of 25 bp between positions K954 and K929 ( Fig. 2 ; PO0 . 1).
The basal level of transcription (defined in this study as transcription in hormone-free media) also declined significantly upon deletion of the region between K1080 and K1048 bp, and also following deletion of the region between K954 and K929 bp ( Fig. 2; P!0 . 05). These results confirmed previous data indicating that this region regulates basal transcription (Lefebvre et al. 1991) . Therefore, elements within a 25 bp region (K954/K929) of the MMTV-LTR distal enhancer are required for the synergistic transcriptional response to PCPRL in T47D breast cancer cells. 
Synergistic activation of MMTV-LTR by PCPRL is independent of the HRE
We further dissected the MMTV-LTR to evaluate the role of the proximal HRE in the synergistic response to PCPRL. Numerous studies have demonstrated that binding of dimerized PR to this region of the MMTV-LTR facilitates P-and DEX-induced transcription (Ponta et al. 1985 , Gowland & Buetti 1989 . Hypothesizing a role for this HRE in the response to PCPRL, we first sought to examine whether the 5 0 distal enhancer (K1080/K840) conferred a synergistic response to PC PRL when it was placed upstream of a minimal MMTV promoter with a truncated HRE (K107/C177 MMTV-LTR). This promoter construct lacked intervening sequence (K839/K108), which includes a transcriptional repressor region (Morley et al. 1987 , Hsu et al. 1988 , Lefebvre et al. 1991 , and also lacked two P-response elements within the HRE in order to reduce the magnitude of the P-induced transcriptional response. As shown in Fig. 3A , deletion of the region K839/K108 did not ablate the synergistic response to PCPRL (P!0 . 0001), indicating that this region is not required for hormone synergy.
We next sought to confirm the role of the HRE in the synergistic response to PCPRL by placing the 5 0 distal enhancer (K1080/K840) upstream of a minimal SV40 promoter. The 5 0 distal enhancer (K1080/K840) still mediated PCPRL synergy ( Fig. 3B ; P!0 . 0001), indicating that the effect of P in this response does not involve PR recruitment to the HRE. The 5 0 distal enhancer (K1080/K840) clearly acted as an enhancer of basal activity (promoter activity in hormone-free media) when juxtaposed upstream of the SV40 minimal promoter ( Fig. 3B ; P!0 . 05), but did not significantly enhance basal activity when upstream of the truncated HRE ( Fig. 3A; PO0 . 05).
Given our previous data ( Fig. 1) , we next tested the ability of DEXCPRL to synergistically enhance transcription from the K1080/K840 minimal SV40 construct. The fact that this construct did not respond to DEXCPRL in the same way that the full-length MMTV construct did ( Fig. 3C ; PO0 . 1) indicates that DEX, but not P, requires sequences between K840 and C1 (which includes the HRE) to coordinate transcriptional synergy with PRL. Combined, these data indicate that the K1080/K840 MMTV-LTR 5 0 enhancer is directly activated by a novel progesterone response element (PRE)-independent mechanism that synergizes with the actions of PRL.
Synergy between P and PRL requires elements between K966 and K909 of the distal MMTV-LTR enhancer
The 5 0 distal enhancer (K1080/K840) of the MMTV-LTR includes multiple transcription factor-binding domains that have been characterized to varying degrees (Mink et al. 1990 , Lefebvre et al. 1991 , Yanagawa et al. 1991 , Haraguchi et al. 1993 , Mellentin--Michelotti et al. 1994 , Kusk et al. 1996 , Grimm & Figure 2 The distal enhancer of the mouse mammary tumor virus-long terminal repeat (MMTV-LTR) facilitates the synergistic transcriptional response to progesterone (P)Cprolactin (PRL). Deletions of the (K1227/C177) MMTV-LTR with 5 0 termini at positions K1080, K1048, K954, K929, and K909, positioned upstream of a luciferase reporter gene, were transiently transfected into T47D cells prior to their treatment with no hormones, PRL (500 ng/ml), P (1 mM), or PCPRL for 40 h. Cells were lysed and transcriptional activity was determined using a luciferase assay and normalized for b-galactosidase activity. Data are representative of three independent experiments; data are meansGS.E.M. (nZ4-6
Nordeen 1998, 1999). Given the essential requirement for this region in the synergistic response to PCPRL, we sought to more precisely define the contribution of these cis-acting elements. Taking the K1080/K840 MMTV SV40 construct, we first tested 3 0 deletions of the enhancer (K1080 to either K874, K909, K928, or K956) that deleted putative sites for NF1 (Kusk et al. 1996) , MAF/F2 (Mink et al. 1990) , STAT5 (Haraguchi et al. 1997) , and an unidentified transcription factor complex (Fp1; Grimm & Nordeen 1999) respectively. As shown in Fig. 4A , deletion of elements downstream of position K909 did not ablate the synergistic response to PCPRL (P!0 . 0001), whereas deletion of sequence containing a consensus STAT5 site (K923/K915) ablated the hormone synergy (PZ0 . 9). Basal transcription also decreased by w60% upon deletion of the region K909/K928 (data not shown).
Given these data, we also analyzed 5 0 serial deletions of the MMTV-LTR enhancer that were fixed to position K909 at the 3 0 end and were positioned upstream of the minimal SV40 promoter. These constructs deleted binding sites for an mp4 factor (K1048) that is PRL inducible (Lefebvre et al. 1991) , CCAAT transcription factor (CTF)/NF1 (K1021; Kusk et al. 1996) , AP-2/mp5 (K1009; Mellentin-Michelotti et al. 1994) , and MAF/F12 (K999; Mink et al. 1990) respectively. Deletion of mp4, CTF/NF1, AP-2/mp5, or MAF/F12 sites did not ablate the synergistic response to PCPRL (P!0 . 0001; Fig. 4B ). Mutation of the CTF/NF1, AP-2/mp5, or MAF/F12 sites in the K1048/C177 MMTV-LTR construct also failed to ablate the PCPRL synergy (data not shown). Further deletions, all of which retained the hypothesized minimal enhancer region K954/K909, also retained the significant interactive response to P and PRL (P!0 . 0001; Fig. 4B ). We did find that the PCPRL synergistic response to PCPRL was more robust when the region K966/K909 was compared with the K954/K909 fragment (data not shown). Taken together, these data suggest that the minimal enhancer region required for the optimal synergistic response to PCPRL is K966/K909. This fragment meets the criteria for classification as an enhancer element given its ability to function in either orientation (Fig. 4C) .
A palindrome within the distal MMTV-LTR enhancer binds a mammary-specific transcription factor complex We next used gel shift analysis to evaluate transcription factor recruitment to the MMTV-LTR enhancer region that facilitated the synergistic response to PCPRL. Sequence analysis of the region K954/K929 of the MMTV-LTR distal enhancer identified a previously uncharacterized 12 bp inverted palindrome (K941/ K930; AGATTacAATCT) positioned within a transcription factor-binding domain identified by DNase footprinting (Fp1; Grimm & Nordeen 1999). Using probes corresponding to positions K997/K909, K954/K909, and K954/K922, we found that the greatest binding of the largest complex (hereafter referred to as MGSC; see below) was to the longest probe (Fig. 5A) . The shorter probes also recruited Figure 3 Progesterone (P)Cprolactin (PRL) synergistically activates the mouse mammary tumor virus-long terminal repeat (MMTV-LTR) distal enhancer in the absence of proximal progesterone receptor DNA-binding domains. A distal fragment (K1080/K840) of the MMTV-LTR was positioned upstream of either (A) a proximal fragment of the MMTV-LTR (K107/C177) that included a partial steroid hormone-response element (HRE) or (B) a minimal SV40 promoter. Constructs were transiently transfected into T47D cells prior to their treatment with no hormones, PRL (500 ng/ml), P (1 mM), or PCPRL for 40 h. (C) The construct used in panel B was similarly transfected into cells that were then treated with either no hormones, PRL (500 ng/ml), P (1 mM), or DEX (1 mM) alone or in combination. Cells were lysed and transcriptional activity was determined using a luciferase assay and normalized for b-galactosidase MGSC at a lower abundance, as well as other smaller complexes. These data indicate that MGSC can bind to the minimal sequence K954/K922 that includes a previously uncharacterized inverted palindrome. Furthermore, the promoter sequence flanking K954/K922 increases MGSC formation, suggesting that a longer probe increases the stability of the complex. To further investigate whether the K941/ K930 palindrome bound MGSC, we introduced single base pair substitutions into each position of a minimal palindrome EMSA probe (Table 2) . This preliminary substitution analysis suggested the requirement of at least 6 bp (agattacaatct) for MGSC formation (Fig. 5B) , thereby further substantiating the recruitment of factors to this site. We also sought to confirm the specific requirement for the palindrome in MGSC binding. As shown in Fig. 5C , deletion of the central 2 bp (K936/K935) within the palindromic site abolished MGSC formation.
Previously, Grimm & Nordeen (1999) identified binding of a MGSC to K951/K919 of the MMTV-LTR enhancer. We therefore tested whether the K941/K930 palindrome recruited this same complex. First, we extended Grimm & Nordeen's data by showing that MGSC was present within all cells of mammary (normal and neoplastic) origin (Fig. 6A) while being present at a low level in only two out of nine nonmammary cell lines (Fig. 6A ). Given our hypothesis that the K941/K930 palindrome binds MGSC, we used the core 12 bp site flanked by redundant sequence (Table 2) as a probe to further analyze nuclear proteins from the same cell lines. As shown in Fig. 6B , the palindrome probe can also bind the MGSC, albeit more weakly than the K954/K922 probe, as well as several smaller complexes.
Mutation of either a palindromic DNA-binding domain or the putative STAT5 site on the 5 0 MMTV-LTR enhancer abolishes the synergistic effect of PCPRL Given that deletion of the region K954/K929 in the partial MMTV-LTR (K954/C177) ablated the synergistic effect of PCPRL (Fig. 2) , we analyzed the palindrome's role by introducing successive 4 bp mutations across this site within the K954/C177 MMTV-LTR construct. Notably, mutants 1-4 failed to elicit a synergistic response to PCPRL (PO0 . 1) while mutant 5 was able to confer the response (P!0 . 0001).
These data indicate that 10 bp of the 12 bp palindromic site, in addition to 6 bp upstream of the palindrome, appear to be required for the synergistic response to PCPRL. We confirmed the role of this palindrome by mutating 3 bp within the palindrome (2 bp corresponding to those within mutant 3 and 1 bp within mutant 4) of the full-length (K1227/C177) MMTV-LTR. As shown in Fig. 7B , mutation of these 3 bp completely abolished the synergistic response to PCPRL (PZ0 . 4), but did not significantly reduce the basal transcriptional activity of the MMTV-LTR (PO0 . 05).
Taken together with our earlier deletion analyses (Figs 2 and 4A), we had strong evidence to indicate that Table 2 for sequence) were incubated with nuclear proteins from T47D cells prior to electrophoresis. Film exposure time for the K997/K909 probe was reduced due to a greater abundance of MGSC formation compared with levels for the K954/K909 and K954/ K922 probes. (B) Transcription factor binding to an inverted palindrome within the MMTV-LTR distal enhancer is modulated by single base pair mutations. EMSA reactions were performed by incubating nuclear extracts from T47D cells with a radiolabeled palindrome probe and competition with a 100-fold excess of unlabeled oligonucleotide bearing a single base pair mutation at the numbered base pair site (lower case letter indicates corresponding base pair substitution). (C) EMSA was performed using T47D nuclear extracts and a radiolabeled oligonucleotide corresponding to K954/K922. Competition was performed using a 100-fold excess of cold K954/K922 probe. T47D nuclear extracts were also incubated with either a radiolabeled palindrome probe that included the entire palindrome (AGATTacAATCT) flanked by non-specific DNA or the palindrome probe lacking the central 2 bp separating the palindrome (K2 bp). C, complex; MGSC, mammary gland-specific complex.
both the inverted palindrome (K941/K930) and an adjacent consensus STAT5 site (K923/K915) were essential for the synergistic response to PCPRL. To confirm a role for each of these sites, we performed mutation analysis of the K1080/K909 minimal enhancer positioned upstream of the SV40 minimal promoter. The K1080/K909_SV40 pGL3 construct conferred a significant synergistic response to PCPRL (P!0 . 0001) in the absence of a response to P alone (Fig. 7C) , consistent with data presented in Fig. 4A and B. Site-directed mutation of the palindrome in the K1080/K909 fragment (same mutations as those illustrated in Fig. 7B ) nearly abolished the synergistic effect of PCPRL (reduced from a 418% induction to a 65% induction). In parallel, site-directed mutation of the adjacent downstream STAT5 site completely abolished the positive synergistic response to PCPRL (Fig. 7C) . Regarding basal transcriptional activity, the K1080/ K909 fragment increased basal transcription by 430% compared with the SV40 promoter alone (P!0 . 0001) while mutation of either the palindrome or STAT5 sites significantly reduced basal transcription ( Fig. 7C ; P!0 . 0001). Combined, these data demonstrate that P and PRL cooperatively stimulate transcription from the MMTV-LTR via a previously uncharacterized inverted palindrome as well as an adjacent STAT5 consensus site contained within the minimal region K966/K909. These data also confirm the importance of this region for enhancing basal transcription from the MMTV-LTR.
To determine whether recruitment of MGSC to the MMTV-LTR occurs concurrently with the synergistic response to PCPRL, we analyzed transcription factor binding to a K954/K909 probe bearing the 3 bp mutation that abolished the synergistic response in our site-directed full-length MMTV-LTR (Fig. 7B) . As anticipated, the wild-type probe (K954/K909) recruited the same profile of complexes as the palindrome probe, whereas the 3 bp mutation specifically prevented MGSC formation and altered Figure 6 The palindrome site (K941/K930) in the mouse mammary tumor virus-long terminal repeat (MMTV-LTR) binds a mammary-specific transcription factor complex. EMSA experiments were performed using extracts from the indicated mammary and non-mammary cell lines (see Table 1 for cell origins). Nuclear proteins were incubated with either a radiolabeled (A) K954/K922 or (B) palindrome probe (see Table 2 for sequence). C, complex; MGSC, mammary gland-specific complex.
abundance and migration of complexes C2 and C3 (Fig. 7D) . These results, combined with our reporter assay data, indicate that MGSC binds to one of the same sites that are required for synergistic activation of the MMTV-LTR by PCPRL.
Jak2 and Src family kinases mediate the synergistic effect of PCPRL on MMTV-LTR transcription
We used dominant-negative plasmids and pharmacologic inhibitors to evaluate the role of PRL-activated promoter. All constructs were transiently transfected into T47D cells prior to treatment with no hormones, PRL (500 ng/ml), P (1 mM), or PCPRL for an additional 40 h. Cells were lysed and transcriptional activity was determined using a luciferase assay and normalized for bgalactosidase activity. Data are meansGS.E.M. (nZ3 independent experiments). (D) Complex formation was analyzed by EMSA using either the K954/K909 wild-type probe (WT) or the same probe (see Table 2 ) bearing a 3 bp mutation that eliminated the synergistic response to PCPRL in panels B and C (palindrome mut). SV40, minimal SV40 promoter; LUC, luciferase gene. The palindrome sequence (K941/K930) is shaded in the WT sequences. A PxPRL-positive interaction is indicated by ****P!0 . 0001.
signaling molecules in the synergistic activation of the distal MMTV-LTR by PCPRL. Co-expression of dominant-negative Jak2, c-Src, and Fyn kinases prevented any synergistic effect of PCPRL on the K1080/K909 SV40 pGL3 construct (PO0 . 1; Fig. 8) while co-expression of dominant-negative MEK1/2, STAT5a, or STAT5b did not prevent PCPRL synergy (P!0 . 01; data not shown). Separately, the PCPRL synergy was still observed (P!0 . 01) in the presence of LY 294 002 and wortmannin, both chemical inhibitors of phosphatidylinositol-3 (PI3) kinase (data not shown). We also recorded the same results when using these dominant-negative plasmids and pharmacologic inhibitors against the full-length MMTV-LTR pGL3 construct (data not shown). Therefore, transduction of the synergistic effect of PCPRL to the distal MMTV-LTR in T47D cells is facilitated via a Jak2-, c-Src-, and Fyn-dependent signaling pathway.
The MGSC transcription factor complex involves GATA-like factors Grimm & Nordeen (1999) proposed that MGSC comprised a transcription factor(s) belonging to the CCAAT/enhancer binding protein (C/EBP) transcription factor family, based on the sequence tgcAgattaCAATCTaaAca between positions K945 and K925. However, we were unable to validate this proposal using C/EBP-b competitor oligonucleotides in gel shift assays (data not shown). We identified that the adjacent palindromic MGSC-binding site includes a putative consensus sequence for members of the GATA transcription factor family (AGATtA), prompting us to test for the presence of these in MGSC using a consensus GATA oligonucleotide competitor (Table 2) . Specific competition for MGSC, but not C2 or C3, was realized using this unlabeled probe (Fig. 9A) . K1080/K909 enhancer in response to PCPRL is mediated by Jak2, Fyn, and c-Src. T47D cells transfected with the K1080/K909 SV40 pGL3 reporter plasmid were co-transfected with dominantnegative (dN) Jak2-829, c-Src, or Fyn. Cells were then treated with either no hormones, PRL (500 ng/ml), P (1 mM), or PCPRL for 40 h. Cells were lysed and transcriptional activity was determined using a luciferase assay and normalized for b-galactosidase activity. Data are representative of at least three independent experiments; data are meansGS.E.M. (nZ3-4 replicates). A PxPRL-positive interaction is indicated by ****P!0 . 0001. Figure 9 Transcription factor complexes recruited to the K954/ K909 mouse mammary tumor virus-long terminal repeat (MMTV-LTR) enhancer region are putative GATA-like proteins. (A and B) EMSA analyses were performed by incubating a radiolabeled K954/K909 probe with T47D nuclear protein extracts (10 mg). Complex binding was competed by a 100-fold excess of either unlabeled (A) GATA or (B) STAT5 consensusbinding sequence (see Table 2 ). (C) EMSA experiments were performed by incubating a radiolabeled consensus GATA oligonucleotide with nuclear protein extracts from T47D cells in the presence or absence of a 100-fold excess of unlabeled GATA, STAT5, or MMTV-LTR (K954/K909 and palindrome) oligonucleotides. C, complex; MGSC, mammary gland-specific complex.
The MMTV-LTR minimal enhancer region (K1080/K909) includes a consensus STAT5 site (K923/K915) that is essential for PCPRL synergy (Fig. 7C) and binds a PRL-inducible factor (Haraguchi et al. 1997 , Biola et al. 2001 . We therefore tested the ability of an unlabeled consensus STAT5 oligonucleotide to compete for transcription factor complex binding to the K954/K909 probe. An excess of unlabeled STAT5 oligonucleotide specifically competed for C2 but not for MGSC binding (Fig. 9B) . To investigate the presence of GATA-like transcription factors in these complexes, we used a radiolabeled consensus GATA oligonucleotide in EMSA and competed this with MMTV-LTR enhancer sequences. The GATA probe bound a complex that corresponded to the size of MGSC (Fig. 9C) . The palindrome probe and K954/K909 enhancer fragments both competed for all complexes recruited to the consensus GATA probe (Fig. 9C) . The K954/K909 oligonucleotide competed more effectively than did the palindrome oligonucleotide, consistent with our earlier finding that MGSC binds more effectively to a longer sequence (Fig. 5A) . These results support data from Fig. 9A suggesting that GATA-like proteins are recruited to the region K954/K909. We were unable to show competition of unlabelled STAT5 for the complexes recruited to the consensus GATA probe, despite the ability for STAT5-like proteins to bind GATA target sequences or interact with DNA-bound GATA proteins (Wang et al. 2005) . Taken together, these data strongly suggest that GATA-like transcription factors are recruited to the K941/K930 palindrome of the MMTV-LTR enhancer.
Discussion
Individually, both P and PRL are essential for normal mammary development and function (Lydon et al. 1995 , Ormandy et al. 1997a , while several lines of evidence suggest that they may also impart some of their effects cooperatively. For example, PCPRL synergistically induces mammary epithelial proliferation (Hovey et al. 2001) in ovariectomized mice as well as activation of IRS-1 and IRS-2 (Hovey et al. 2003) . Conversely, P antagonizes the lactogenic effect of PRL, either by suppressing glucocorticoid receptor transactivation (Buser et al. 2007) or by downregulating PRLR (Djiane & Durand 1977) . Given our interest in determining how these two hormones interactively regulate mammary gland function, we have extended the findings of Haraguchi et al. (1993) who showed that PCPRL synergistically activated the MMTV-LTR (Haraguchi et al. 1992 ) via its distal enhancer. Using this model, we have identified that at least two adjacent sites, K941/K930 and K923/K915, within the MMTV-LTR distal enhancer are required for this response in T47D cells via a PRE-independent pathway that utilizes Jak2, c-Src, and Fyn.
In these studies, we found that the palindrome (K941/K930) and STAT5 (K923/K915) sites not only facilitated a synergistic response to PCPRL but also enhanced basal transcription. This region of the MMTV-LTR was previously shown to confer tissue-specific basal expression in both promyelocytic progenitor (a known site of MMTV-LTR activity; Reuss & Coffin 2000) and mammary cells (Grimm & Nordeen 1998) , resulting in its classification as the MEM region (Grimm & Nordeen 1998) . However, the cis-acting site(s) responsible for tissue-specific expression from this region have remained undefined. Our site-directed mutagenesis and single base pair mutation EMSA firmly establish that the inverted palindrome AGATTacAATCTrecruits the MGSC in addition to enhancing basal transcription. Although Grimm & Nordeen (1999) previously suggested that an overlapping site bound a C/EBP-like factor (tgcaAgattaCAATCTaaAca, putative C/EBP site in caps), we were unable to confirm these data. Interestingly, Gross & Garrard (1988) also found that the MEM region contained a DNase hypersensitive site in the vicinity of the palindrome that would agree with it being able to assume an altered conformation. Such a proposal is consistent with the slight retardation of C2 and C3 migration that we observed in EMSA when the mutated K954/K909 and wild-type probes were compared.
The palindromic MGSC-binding site shares homology with a consensus GATA-binding site and recruits various protein complexes, including MGSC, that were competed by a GATA consensus sequence. These data lead us to propose that a mammary-specific GATA-like factor or GATA-associated complex is a component of MGSC. The GATA family of transcription factors has already been implicated in the regulation of tissue-specific function in a variety of species (Fluck & Miller 2004 , Dusing & Wiginton 2005 , Pauli et al. 2006 . The finding that GATA3 is overexpressed in ER-positive breast cancers (Hoch et al. 1999) while GATA2 expression in the uterus is regulated by P (Lydon et al. 1996) supports a potential role for a GATA-like factor during the hormonal regulation of mammary function. Perhaps, most significant is the recent report by two groups (Kouros-Mehr et al. 2006 , Asselin-Labat et al. 2007 ) that GATA-3 fulfils a critical role during the growth and differentiation of the mammary epithelium, where its deletion prevents cellular progression to a differentiated alveolar phenotype. At present, the identity of any GATA factors in MGSC and their role in hormone synergy remains to be established given that we have not been able to supershift this complex with antibodies against GATA1-6 (data not shown).
An adjacent consensus STAT5 site at position K923/ K915 is also essential for the transcriptional synergistic response to PCPRL by T47D cells. Although the function of this site has received limited investigation, it is required for both basal and interleukin-2-induced MMTV transcription in cytotoxic T lymphocyte line (CTLL)-2 T lymphocytes (Biola et al. 2001) and by itself can bind an interleukin-2 (Biola et al. 2001) and PRL-inducible (Haraguchi et al. 1997) factor that can be super-shifted with anti-STAT5 antiserum (Biola et al. 2001) . However, this site does not participate in the STAT5-mediated suppression of glucocorticoid receptor activity at the proximal HRE (Stoecklin et al. 1999 , Biola et al. 2001 , consistent with our finding that the distal enhancer functions independently of the proximal HRE during the synergistic effect of PCPRL. Interestingly, while a STAT5 consensus oligonucleotide specifically competed for the C2 complex that was bound by the palindrome, the larger MGSC apparently does not comprise STAT5, and extension of the palindromic probe to include the adjacent STAT5 site did not alter DNA-protein complex formation. Furthermore, our dominant-negative experiments suggest that neither STAT5a nor STAT5b participate in facilitating the synergistic response to PCPRL. Our further attempts to demonstrate a direct interaction between STAT5-like factors and proteins binding to the MGSC site through a GATA-STAT interaction yielded only limited support for such a relationship despite the fact that cooperative interactions between GATA-and STAT-like factors are known to regulate tissue-specific gene expression. For example, synergistic activation of the atrial natriuretic factor promoter by cytokines and growth factors in cardiomyocytes is directed by an interaction between GATA-4 and STAT1 (Wang et al. 2005) . Separately, interferon-1a induction of the HLA-E gene requires an interaction between STAT1a and GATA-1 that converge via p300/CBP. Clearly, the role of STAT proteins in the activity of the MMTV-LTR is complex given that others have implicated this proximal STAT5 site in directing lymphoid and lactation-specific expression (Mok et al. 1992) despite the fact that it is activated in the absence of STAT5a in vivo (Stegalkina et al. 1999) . Generally, it is assumed that P-and DEX-induced transcription from the MMTV-LTR in various cell types, including breast cancer cells, is conferred by the ability of their respective receptors to activate four canonical steroid hormone receptor-binding sites within the HRE (Ham et al. 1988) . Our present findings indicate that P, but not DEX, can also interact with PRL to induce transcription from a distal enhancer in the absence of any consensus PRE. Along these lines, it is noteworthy that while the transcription of int genes in mammary tumors is directed by tissue-specific elements in the distal enhancer (Grimm & Nordeen 1998), their expression is not induced by glucocorticoids (Nusse 1988) . Interestingly, Grimm & Nordeen concluded that the MEM element within the MMTV-LTR did not mediate hormone action. However, their conclusion was based solely on the lack of any effect of DEX, thereby ratifying our finding that this region specifically mediates the action of P in concert with PRL; whether it also mediates the cooperative action of other hormones remains to be tested.
Our findings are consistent with data showing that the extra-nuclear effects of PR in various breast cancer cells often involve c-Src (Edwards et al. 2002 , Migliaccio et al. 2002 . For example, activated PR-B interacts with ligandfree ER to induce an ER/c-Src interaction that stimulates proliferation via the c-Src/p21 ras /Erk signaling pathway (Migliaccio et al. 1998) . Separately, several groups have demonstrated that P induces the expression and phosphorylation of STAT3 and STAT5 (Richer et al. 1998 , Proietti et al. 2005 , where P-induced activation of Jak1 and Jak2 and phosphorylation of STAT1 and STAT3 is Src dependent (Zhang et al. 2000 , Proietti et al. 2005 . More recently, c-Src was shown to phosphorylate P-induced caveolin-1 that mediates a proliferative effect of P on mammary tumor cells (Salatino et al. 2006) . Although several groups have implicated the MAP and PI3 kinases as downstream effectors of crosstalk between PR and c-Src (Lange 2004), our present results indicate that these pathways do not participate in the synergistic effect of PC PRL on the MMTV-LTR. It is also well established that Jak2 (Campbell et al. 1994 , Rui et al. 1994 and Src family kinases (Clevenger & Medaglia 1994 , Al-Sakkaf et al. 1997 , Fresno Vara et al. 2000 can converge during PRL signaling, where the Src family kinase p59 (Fyn) can preform with all PRLR isoforms (Clevenger & Medaglia 1994) . While a role for STAT1 or STAT3 in the synergistic response by the MMTV-LTR to PCPRL cannot be ruled out, our data do indicate that STAT5a and STAT5b are not required. Similar to our findings, Chilton et al. found that the synergistic effect of PCPRL on the uteroglobin promoter occurred downstream of Jak2, but did not require STAT5, prior to signaling via RUSH1a (Hewetson et al. 2002) . These findings contrast to the role of STAT5 in the positive effect of P on subsequent PRL-induced transcription from the b-casein promoter (Richer et al. 1998) . Interestingly, STAT5 undergoes differential translocation and phosphorylation following its activation by c-Src compared with the typical post-PRLR pathway, which may explain how P and PRL differentially regulate target gene transcription.
Our finding that a novel region of the MMTV-LTR mediates mammary-specific synergy between P and PRL may be significant in understanding the basis of mammary cancer. MMTV specifically induces alveolar hyperplasia within the mammary gland, and both P and PRL promote alveologenesis (Lydon et al. 1995 , Ormandy et al. 1997a , suggesting that these hormones may cooperatively activate oncogene expression in a subpopulation of alveolar progenitor cells. Consistent with this proposal, we previously showed that PR and PRLR co-localize to a subpopulation of epithelial cells in the mouse mammary gland, where we (Hovey & Vonderhaar 2000) and others (Wagner et al. 2001) have also shown that MMTV or its LTR are often only expressed in an epithelial subpopulation. Moreover, recent reports of MMTV sequences in human breast tumors (Wang et al. 1995 , Acha-Orbea et al. 1999 , Etkind et al. 2000 , Liu et al. 2001 , Ford et al. 2003 , Indik et al. 2005 have invigorated the debate surrounding a possible viral basis for the disease. Among these sequences is the palindrome within the enhancer that binds MGSC (Wang et al. 2004) . The finding that PR expression correlates with the presence of MMTV sequences in breast tumors (Faedo et al. 2004 ) raises the interesting question of whether the MGSC-binding site is a potential enhancer of PCPRL action in human breast cancer in addition to its role in T47D cells as shown herein.
